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The  use  of  naturally  cold  sea  or  lake  water  in  place  of  mech- 
anically chilled  water  in  air  conditioning  systems  was  found 
to  be  a feasible  and  energy  saving  concept  for  Naval  Facili- 
ties like  those  at  Point  Mugu,  CA,  and  Pearl  Harbor,  HI.  The 
economic  feasibility  of  this  type  of  air  conditioning  at  these 
sites  depend  on  the  distance  and  the  water  depth  of  the  cold 
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Block  20.  Abstract  (Cont'd) 

, tances  and  these  depths,  surveys  were  conducted  which  involved 
(1)  assembly  of  existing  data  on  seawater  temperatures  and  (2) 
measurement  of  these  temperatures  with  expendable  bathythermo- 
graphs (XBT) . A summary  of  this  existing  data  and  the  results 
of  these  measurements  are  given  in  this  report.  On  the  basis 
of  this  data  and  these  measurements,  estimates  were  made  of 
the  profiles  of  maximum  annual  seawater  temperature  which  are 
also  given.  It  was  found  that  the  maximum  annual  bottom  water 
temperature  at  the  Point  Mugu  site  can  be  expected  in  November; 
it  is  10*C  (50®F)  at  a depth  of  190  M (620  ft)  1.4  NM  offshore. 
This  temperature  at  the  Pearl  Harbor  site  can  be  above  10®C  at 
a depth  of  420  M (1,380  ft)  4.0  NM  offshore. 
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1.0  INTRODUCTION 


The  objective  of  this  investigation  is  to  determine  the  variation  of  sea 
water  temperature  as  a function  of  depth  and  time  in  the  ocean  areas  adjacent  to 
the  Pacific  Missile  Test  Center  at  Point  Mugu,  California  (33°30'N  to  34°30'N,  118° 
30 ’W  to  119°30'W)  and  Pearl  Harbor,  Hawaii  (20°30'N  to  21°30'N,  157°30'W  to 
158°30'W).  This  information  is  required  for  the  design  of  an  air  condi- 
tioning system  that  utilizes  the  natural  reservoir  of  cold  sea  water  for 
cooling  purposes.  This  system  has  been  proposed  as  an  energy  conservation 
measure  but  economic  feasibility  must  be  demonstrated.  The  most  expensive 
component  of  this  sea  water  cooling  system  is  the  water  intake  pipeline  that 
extends  offshore  from  the  facility.  The  cost  of  the  pipeline  is  a function 
of  the  distance  offshore  and  the  water  depth.  Construction  and  operational 
costs  are  optimized  by  reaching  the  coldest  water  (in  effect  the  greatest 
depth)  at  the  shortest  distance  from  shore. 

Contract  specifications  state  that  bathythermographic  measurements  are 
to  be  taken  along  a track  for  a distance  not  to  exceed  the  distance  to  bottom 
water  temperatures  of  7.2°C  nor  four  nautical  miles  from  shore,  whichever 
is  less.  The  water  temperature  is  not  only  a function  of  horizontal  position 
and  depth,  but  also  exhibits  seasonal  and  diurnal  variations.  Variations 
attributable  to  the  effects  of  internal  waves  and  upwelling  near  the  coast- 
line (particularly  in  Mugu  Canyon)  may  also  be  measurable.  The  final  product 
of  this  investigation  is  a plot  of  estimated  yearly  maximum  temperature 
versus  depth  and  distance  from  shore  along  a predetermined  trackline.  Based 
on  examination  of  the  available  historical  data,  the  bathythermographic  survey 
plans  for  each  location  were  developed. 


2.0  POINT  MUGU  SITE 
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2.1  Historical  Data 


The  major  source  of  bathythermographic  data  was  NODC  (National  Oceano- 
graphic Data  Center)  records  of  mechanical  bathythermographs  (BT) , expendable 
bathythermographs  (XBT)  and  station  data  (consisting  of  continuous  salinity- 
temperature-depth  profiles  and  reversing  thermometer  measurements)  for  the 
area  between  33°-35°N  and  118°-120°W  from  1937  to  1976^  . Other  sources 
included  CCOFI  (California  Cooperative  Oceanic  Fisheries  Investigations} 
1951-52  cruises *12)  f Oceanographic  Atlases  of  the  Pacific  Ocean  ^*1®, 
and  discussions  with  Margaret  K.  Robinson  (an  authority  on  Pacific  Ocean 
bathythermographic  analysis^®).  Data  for  the  specific  area  adjacent  to 
Point  Mugu  are  rare. 

Table  1 and  Figures  1 and  2 summarize  the  NODC  data,  nearly  all  of  which 
are  further  offshore  than  the  survey  site.  At  the  surface,  the  mean  monthly 
temperature  reaches  a maximum  of  19.8°C  in  August  but  is  generally  above  the 
annual  average  from  June  through  November.  The  maximum  observed  temperature 
was  23.7°C  on  August  18,  1971.  Below  the  surface,  the  maximum  temperature 
may  be  delayed  by  as  much  as  two  months.  For  example,  at  depths  of  300-450 
meters  the  warmest  month  was  September.  However,  the  maximum  temperature 
at  these  depths  was  observed  on  October  22,  1975.  Since  bottom  water 
temperature  near  7.2°C  within  four  nautical  miles  of  Laguna  Point  is  the 
principal  concern  of  this  project,  description  of  historical  data  will  em- 
phasize depths  of  200  meters  and  greater.  These  depths  are  easily  accessible 
within  the  four  nautical  mile  distance  limitation.  The  annual  mean  tempera- 
tures decrease  gradually  with  depth  from  8.9°C  at  200  meters  to  6.9°C  at 
450  meters.  Below  200  meters,  the  monthly  means  exhibit  minimal  seasonal 
variation  and  are  generally  limited  to  within  +0.4°C  of  the  annual  mean.  Some 
of  this  variability  is  probably  attributable  to  the  large  geographical  area 
and  diverse  sampling  instrumentation  that  have  been  combined  to  produce  these 
averages.  For  this  reason,  temperature  structure  at  the  survey  site,  and  in 
particular  the  extreme  values,  can  be  expected  to  differ  from  these  average 
conditions. 

The  most  representative  CCOFI  data  with  respect  to  the  Point  Mugu  survey 
area  are  those  stations  designated  85.40  (at  33°56'N,  119°09'W)  and  87.40  (at 
33°40'N,  118°58.5'W).  Table  2 summarizes  measurements  taken  during  1951 
and  1952  cruises  at  these  two  stations.  In  general,  for  depths  of  200  meters 
and  greater,  the  annual  averages  (based  on  10  or  11  monthly  measurements)  are 
0.1°C  lower  than  the  corresponding  averages  based  on  the  NODC  records.  It 
should  be  emphasized  that  the  CCOFI  data  are  instantaneous  measurements 
representative  of  a very  small  percentage  of  the  time  and  less  useful  than 
continuous  or  long-period  discrete  records  at  a single  station  for  estimation 
of  maximum  annual  temperature.  However,  individual  monthly  measurements  do 
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Figure  2. 

Maximum  monthly  water  temperature  for  the  area  between  33°-35°N 
and  118°-120°W  based  on  NOD C data  1937-1976. 
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Table  2 

Summary  of  CCOFI  Bathythermographic  Data  Stations  85.40 
(33056'N,  r119°09’W)  and  87.40(*)  (33°40'N,  118°58.5,W)  for  1951  and  1952 
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indicate  that  temperatures  are  above  the  annual  average  from  July-August 
through  December  and  suggest  that  the  maximum  may  be  expected  in  this  period. 
These  monthly  measurements  varied  within  +0.5°C  of  the  NODC  monthly  means. 
Recalling  that  the  monthly  means  are  within  +0.4°C  of  the  annual  means,  the 
annual  maximum  may  be  of  the  order  of  1°C  above  the  annual  mean.  The  pre- 
dicted annual  maxima  are  given  in  Table  1 but  the  exact  date  and  time  of 
their  occurrence  is  indeterminate  from  the  existing  data.  The  best  estimate 
is  approximately  the  date  of  the  observed  maximum  temperature. 


Oceanographic  Atlases  confirm  the  NODC  annual  means  to  within  +0.1°C 
for  depths  of  200-450  meters  but  imply  that  these  temperatures  are  constant 
year-round.  The  following  discussion  evaluates  the  effects  of  some  of  the 
possible  sources  of  temperature  variation  within  the  water  column.  Diurnal 
(daily)  variation  of  the  water  temperature  due  to  absorption  of  incident 
solar  energy  can  be  as  much  as  2-3°C.  Temperature  change  of  this  magnitude 
occurs  only  to  a depth  of  a few  meters.  The  magnitude  of  diurnal  variation 
decreases  rapidly  as  depth  increases  and  should  not  be  detectable  as  deep  as 
200  meters  considering  XBT  sensitivity''  . Appreciable  seasonal  variation 
(as  much  as  5-10°C)  is  generally  limited  to  the  uppermost  100  meters  and 
coastal  areas,  but  may  still  be  measurable  at  450  meters(2,6)#  When  diver- 
gent surface  flow  (offshore)  due  to  winds  and  currents  produces  upwelling 
of  cold  water  from  200-300  meters  to  the  surface,  the  thermal  structure  of 
the  upper  100  meters  is  significantly  altered.  However,  the  deeper  water 
remains  relatively  unchanged.  Internal  waves  can  be  generated  at  the  boundary 
between  fluids  of  different  density  causing  periodic  vertical  displacement 
of  the  isotherms.  In  the  ocean,  the  strongest  density  gradient  occurs  at 
the  thermocline  but  internal  waves  can  exist  throughout  the  water  column 
where  vertically-stratified  conditions  prevail.  Internal  waves  have  been 
observed  with  periods  of  approximately  6,  8,  12  and  24  hours  and  amplitudes 
of  up  to  5 meters^1'.  In  deep  water  (greater  than  200  meters),  this  may 
contribute  an  additional  variation  of  the  order  of  +0.1°C  about  the  mean. 
Replication  of  temperature  measurements  at  a particular  station  at  an  hourly 
or  monthly  interval  is  also  subject  to  variations  due  to  horizontal  errors  in 
positioning,  instrument  uncertainty  in  temperature  and  depth  and  water  mass 
advection  due  to  local  current  anomalies.  Other  than  instrument  uncertainty, 
the  magnitudes  of  these  errors  are  difficult  to  estimate  and  may  be  signi- 
ficant, particularly  in  the  Mugu  Canyon  area. 

2.2  Survey  Plan 

Based  on  examination  of  the  historical  data,  the  estimated  date  of 
occurrence  of  the  maximum  annual  bottom  temperature  for  depths  between  300 
and  450  meters  is  approximately  the  middle  of  October.  Three  XBT  tempera- 
ture surveys  were  conducted  on  September  15,  October  12  and  November  16,  1978, 
approximately  one  month  before,  on  the  day  of,  and  one  month  after  the 
expected  maximum  bottom  water  temperature.  Each  survey  consisted  of  deploy- 
ment of  a series  of  XBT's  at  13  equally-spaced  stations  along  a 160°  True 
trackline  extending  from  Laguna  Point  (34°05'45"N,  119°06'15"W)  to  a 
distance  of  3.5  nautical  miles  from  shore.  The  160°  True  trackline  was 
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selected  because  it  provides  access  to  the  deepest  water  at  the  shortest 
distance  from  shore  by  intersecting  the  axis  of  Mugu  Canyon.  Pipeline 
construction  in  the  canyon  area  may  require  additional  engineering  considera- 
tions. 

The  survey  consisted  of  a single  XBT  deployment  at  each  of  the  13  sta- 
tions and  replicate  observations  at  a selected  station  for  several  hours. 

The  purpose  of  these  repeated  observations  was  to  estimate  the  magnitude  of 
the  temperature  variability  over  a short  period  of  time  (up  to  seven  hours). 

In  conjunction  with  the  XBT  deployments,  surface  meteorological  observations 
were  recorded.  These  consisted  of  measurement  of  sea  surface  temperature 
with  a bucket  thermometer,  wet  and  dry  bulb  temperature  with  a sling  psy- 
chrometer,  wind  speed  and  direction  with  a hand-held  anemometer,  sea  state, 
percent  cloud  cover  and  present  weather.  These  were  supplemented  with 
weather  observations  recorded  by  the  Weather  Center  Branch  of  the  Geophysics 
Division  of  the  Pacific  Missile  Test  Center  at  Point  Mugu. 

Figure  3 indicates  the  positions  of  the  13  stations  along  the  trackline 
and  the  charted  bathymetry  from  which  the  bottom  profile  in  Figure  4 was 
drawn.  Comparison  of  recent  editions  of  published  hydrographic  charts 
revealed  a considerable  discrepancy  in  the  depth  at  the  stations  between 
approximately  two  and  four  nautical  miles  from  shore.  The  bottom  profile 
(Figure  5)  which  was  drawn  from  NOAA-NOS  (National  Oceanic  and  Atmospheric 
Administration-National  Ocean  Survey)  Chart  Number  18720  (1978)  indicates 
depths  of  70-160  meters  less  than  the  corresponding  stations  on  Figure  4 
which  was  based  on  NOAA-NOS  Chart  Number  18740  (1977).  Much  of  this  differ- 
ence iiuy  be  due  to  the  use  of  a 100-fathom  contour  interval  on  the  18720 
chart  and  a 50-fathom  contour  interval  on  the  18740  chart  and  the  resulting 
interpolation  errors.  The  problem  is  compounded  by  small  horizontal  displace- 
ment of  the  contours  relative  to  the  station  locations  which  can  produce 
large  depth  errors  in  the  steep  canyon  area.  The  depth  at  each  station  was 
checked  with  a fathometer  during  the  third  Point  Mugu  survey  and  is  indicated 
on  Figure  4.  For  the  most  part,  these  depths  were  greater  than  had  been 
expected.  Table  3 gives  the  position  and  estimated  and  measured  depths  of 
the  13  assigned  stations.  The  depths  at  Stations  8-13  exceed  the  rated  limit 
of  the  T-4  type  XBT  probe  of  460  meters  (1500  feet).  However,  the  bottom 
temperature  at  these  stations  may  be  estimated  by  extrapolation  of  the  NODC 
data.  The  mean  annual  temperature  decreases  by  approximately  0.2°C/25m 
between  200  and  450  meters. 

2. 3 Instrumentation 

The  expendable  bathythermograph  system  (XBT)  manufactured  by  the 
Sippican  Corporation  (Marion,  Mass.)  produces  a continuous  temperature  ver- 
sus depth  trace  from  the  surface  to  a depth  of  460  meters  The  system  on 
loan  from  the  Pacific  Missile  Test  Center  for  the  project  consisted  of  a 
deck-mounted  launcher  (Model  Number  LM-2,  Serial  Number  2o819) , XBT  recorder 
(Model  Number  MK2A-1,  Serial  Number  748026)  and  XBT  probes  (Model  T-4).  The 
temperature  is  sensed  by  a thermistor  in  the  nose  of  the  probe  and  the  depth 
is  determined  as  a function  of  time  assuming  a constant  probe  descent  rate. 
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Location  of  XBT  deployments  for  Point  Mugu  surveys  September  15, 
October  12  and  November  16,  1978  and  existing  bathymetry  based  on 
NOAA-NOS  Chart  18740  (1977). 
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Figure  5. 

Seafloor  profile  along  XBT  survey  trackline  as  determined  from  NOAA-NOS  Chart 
18720  (1978). 


The  rated  system  temperature  accuracy  is  +0.2°C  and  the  depth  accuracy  is 
+2%  or  +4. 6m  whichever  is  greater.  System  reliability  is  generally  good. 
Minor  problems  that  did  occur  included  chart  drive  slippage  and  temperature 
calibration  drift  of  up  to  0.2°C.  The  manual  available  from  Sippican  pro- 
vides additional  information  on  system  operation  and  maintenance. 

As  a check  of  proper  XBT  operation,  the  sea  surface  temperature  was 
measured  with  a bucket  thermometer.  The  thermometer  was  supplied  by  Kahl 
Scientific  (El  Cajon,  Calif.).  The  temperature  can  be  read  to  the  nearest 
0.1°C.  The  calibration  correction  is  approximately  +0.1°C  between  15°C  and 
30°C. 


The  wet  and  dry  bulb  temperatures  were  measured  with  a sling  psychrometer 
manufactured  by  Weksler  Instruments  Corporation  (Freeport,  New  York).  The 
temperatures  were  read  to  the  nearest  whole  1°F,  and  estimated  to  the  nearest 
0.1°F.  Percent  relative  humidity  was  computed  using  the  psychrometric 
slide  rule  provided  by  Weksler.  Instrument  temperature  accuracy  is  approxi- 
mately +1°F  resulting  in  a +5%  relative  humidity  accuracy. 

The  wind  speed  and  direction  were  measured  with  a hand-held  anemometer 
manufactured  by  the  Belfort  Instrument  Company  (Baltimore,  Maryland).  The 
instrument  is  Catalog  Number  6052  and  Serial  Number  678.  The  rated  speed 
accuracy  is  3%  of  full  scale  (0.45  knots  on  the  0-15  knot  scale  and  1.8  knots 
on  0-60  knot  scale),  and  the  threshold  speed  is  1.0  knot.  The  rated 
direction  accuracy  is  +2°.  Wind  measurements  were  taken  approximately  10  feet 
above  sea  level. 

The  water  depth  was  determined  by  a Raytheon  Model  731  (Serial  Number 
879181)  fathometer  whose  rated  accuracy  is  +1%.  The  transducer  was  suspended 
one  meter  below  the  surface  and  the  record  was  read  to  the  nearest  fathom, 
then  converted  to  meters. 

Station  positioning  was  accomplished  using  a Motorola  Mini-Ranger 
positioning  system  which  consisted  of  two  shore-based  reference  stations,  a 
shipboard  receiver-transmitter  and  range  console.  The  shore  stations  were 
located  at  the  Hueneme  Light  (34°08,43"N,  119°12'31"W)  and  Springville  (34" 
13'42"N,  119°05 '44"W) . Simultaneous  ranges  from  these  two  fixed  stations 
determine  the  location  of  the  ship.  The  rated  range  error  is  +3m.  This 
greatly  exceeds  the  positioning  accuracy  of  61  meters  specified  in  the  con- 
tract. Visual  positioning  by  horizontal  sextant  angles  is  an  alternative 
that  can  also  meet  this  accuracy  under  ideal  conditions,  but  is  severely 
hampered  by  rough  seas  and  low  visibility.  The  high  incidence  of  fog  off 
Point  Mugu  from  June-Nove^ber ' ' resulted  in  selection  of  the  Mini-Ranger 
system. 

2.4  Presentation  of  Data  and  Discussion  of  Results 


Copies  of  the  XBT  traces  of  the  three  Point  Mugu  surveys  are  given  in 
Figures  6,  7 and  8.  Each  is  identified  by  station  number,  date  and  time. 
Measured  sea  surface  temperature  is  also  included.  All  XBT's  were  well 
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Figure  6 (continued) 
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Figure  7.  XBT  traces  of  October  12-13,  1978  survey  at  Point  Mugu,  California  and  observed  bucket 
thermometer  sea  surface  temperatures. 
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Figure  8.  XBT  traces  of  November  16-17,  1978  survey  at  Point  Mugu,  California,  California  and  observed 
bucket  thermometer  sea  surface  temperatures. 

(*see  text) 


within  61  meters  of  the  assigned  stations  in  Figure  3,  and  most  often  within 
10  meters.  In  some  of  the  original  traces  of  Stations  1-6,  the  depth  of  the 
water  column  was  clearly  indicated  by  a horizontal  trace  (increase  or  decrease 
in  temperature  at  a constant  depth)  followed  by  a nearly  vertical  trace  (little 
change  in  temperature  as  depth  apparently  increases).  However,  when  this 
was  not  a dependable  method  of  depth  determination,  the  traces  were  truncated 
at  the  measured  bottom  depth.  For  Stations  7-13  no  bottom  was  visible  as  the 
water  depth  exceeds  the  T-4  XBT  range  of  460  meters.  During  the  November 
survey,  slippage  of  the  chart  drive  mechanism  resulted  in  incorrect  traces  with 
respect  to  the  depth  coordinate.  This  occurred  repeatedly  at  Station  7 and 
resulted  in  an  apparent  depth  much  less  than  the  measured  depth  of  460  meters. 
The  surface  and  bottom  temperatures  were  assumed  to  be  correct  and  intermediate 
values  approximated  based  on  careful  examination  of  the  records  and  comparison 
with  nearby  stations.  The  surface  and  bottom  temperatures  and  the  depths  of 
the  17.5,  15.0,  12.5,  10.0,  9.5,  9.0,  8.5,  8.0,  7.5  and  7.0°C  isotherms  of  all 
the  XBT's  are  summarized  in  Table  4.  Estimates  for  depths  greater  than  460 
meters  are  based  on  linear  extrapolation  of  the  slope  between  350  meters  and 
460  meters.  Shipboard  weather  observations  are  summarized  in  Tables  5,  6 and 
7 and  supplemented  with  observations  recorded  by  the  Weather  Center  Branch 
of  the  Geophysics  Division  of  the  Pacific  Missile  Test  Center  at  Point  Mugu. 

Figure  9 was  constructed  by  plotting  the  maximum  depth  of  each  isotherm 
at  each  station  and  joining  these  points.  The  maximum  recorded  bottom  tempera- 
tures are  also  indicated.  At  depths  of  200  meters  and  greater,  these  maxima 
were  recorded  during  the  November  16  survey  and  constitute  the  best  available 
estimates  of  the  maximum  annual  sea  water  temperatures  as  a function  of  depth 
and  distance  offshore.  Although  the  annual  maximum  bottom  temperatures  were 
anticipated  in  October,  September  and  November  are  also  likely  months  based 
on  the  results  of  this  survey.  Repeated  XBT  deployments  at  Station  7 in 
November  indicated  that  bottom  temperatures  varied  between  7.7  and  8.2°C  in 
a four-hour  period.  Similarly,  repeated  observations  of  Station  13  showed 
temperatures  at  460  meters  that  varied  between  6.7  and  7.2°C  in  September 
and  7.0  and  7.2°C  in  October  within  a six-hour  period.  Variability  of  this 
magnitude  (due  to  environmental  changes  and  instrument  uncertainty)  can  be 
expected  at  Stations  7-13.  It  is  conceivable  that  dependence  on  a single 
XBT  deployment  at  each  station  may  have  resulted  in  underestimation  of  the 
maximum  water  temperatures  by  as  much  as  0.5°C.  An  alternative  method  of 
displaying  the  XBT  data  is  to  construct  a composite  maximum  temperature  ver- 
sus depth  profile  representative  of  all  the  stations  by  assembling  the 
greatest  measured  depth  of  each  isotherm  into  a single  curve  (Figure  9 insert). 
This  curve  estimates  maximum  annual  bottom  temperatures  for  Stations  5-13  that 
are  0 to  0.2°C  higher  than  the  estimates  based  on  historical  data  in  Table  3. 

2.5  Conclusions 


To  summarize,  the  surveys  showed  that  the  observed  maximum  bottom  tempera- 
ture at  460  meters  (Station  7)  of  8.2®C  occurred  in  November.  This  was  1.4°C 
above  the  expected  annual  mean  of  6.8°C  and  0.4°C  above  the  predicted  annual 
maximum  of  7.8°C  (Table  3).  At  this  depth,  the  monthly  mean  temperatures 
are  expected  to  vary  between  6.6°C  in  May  and  7.2°C  in  September.  Maxima  of 
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ry  of  Monthly  XBT  Survey  Data:  Surface  Temperature,  Bottom  Temperature  and 
Depth  of  Selected  Isotherms  (*  indicates  estimated) 
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approximately  1.4°C  above  the  annual  mean  bottom  temperatures  are  also  anti- 
cipated for  Stations  5-13.  There  is  little  advantage  in  extending  the  intake 
to  distances  greater  than  two  nautical  miles  offshore.  The  slope  is  rela- 
tively flat  from  2 to  3-1/2  miles  out  providing  only  slightly  lower  annual 
maximum  temperatures  for  the  additional  pipeline  length.  In  addition,  at 
these  greater  depths,  the  intake  water  will  be  colder  than  7.2°C  an 
increasing  percentage  of  the  time.  The  contract  specifies  that  water  temp- 
eratures below  7.2°C  are  unnecessary.  Proceeding  shoreward  from  Station  7, 
the  bottom  rises  steeply.  Small  changes  in  pipeline  length  will  result  in 
significant  increases  of  the  annual  maximum  temperature.  For  example,  at 
Station  6 (1-3/4  nautical  miles  from  shore)  the  expected  annual  mean  tempera- 
ture is  7.7°C  and  the  predicted  maximum  is  9.1°C.  The  monthly  mean  tempera- 
ture varies  between  7.3  and  8.0°C,  thus  the  intake  water  temperature  may 
remain  above  7.2°C  nearly  year  round.  An  optimization  study  that  considers 
the  balance  of  pipeline  costs  and  the  benefits  of  colder  waters  may  be  a 
useful  means  of  determining  the  optimum  intake  depth. 


3.0 


PEARL  HARBOR  SITE 


3.1  Historical  Data 

The  major  source  of  bathythermographic  data  was  NODC  (National  Oceano- 
graphic Data  Center)  records  of  mechanical  bathythermographs  (BT),  expendable 
bathythermographs  (XBT)  and  station  data  (consisting  of  continuous  salinity- 
temperature-depth  profiles  and  reversing  thermometer  measurements)  for  the 
area  between  20-22°N  and  157-159°W  from  1944-1976^).  Other  sources  included 
Oceanographic  Atlases  of  the  Pacific  Ocean  and  Hawaiian  Islands  region(9,10,13) , 
and  discussions  with  Margaret  K.  Robinson  (an  authority  on  Pacific  Ocean 
bathythermographic  analysis) . 

Table  8 and  Figures  10  and  11  summarize  the  NODC  data.  At  the  surface, 
the  mean  monthly  temperature  reaches  a maximum  of  26.8°C  in  September  and 
October  and  is  generally  above  the  annual  average  from  June  through  November. 

The  maximum  observed  temperature  was  30.5“C  on  July  12,  1969.  A surface  layer 
of  nearly  constant  temperature  50-100  meters  deep  is  a typical  feature.  Below 
this  layer  is  the  main  or  permanent  thermocline  from  100-300  meters  with  an 
average  temperature  gradient  of  nearly  6*C/100m.  From  300  meters  to  the 
bottom  the  temperature  gradient  gradually  weakens.  The  mean  temperature 
decreases  from  11.6*0  at  300  meters  to  8.0°C  at  425  meters. 

Since  bottom  water  temperature  approaching  7.2°C  within  four  nautical 
miles  of  the  entrance  to  Pearl  Harbor  is  the  principal  concern  of  this 
project,  description  of  historical  data  will  emphasize  depths  of  300  meters 
and  greater.  At  the  four-nautical  mile  survey  limit,  the  water  depth  is 
approximately  420  meters.  The  mean  annual  temperature  is  8.1°C  and  the  mon- 
thly means  vary  from  a maximum  of  8.4°C  in  March  to  a minimum  of  7.8°C  in  June. 
The  maximum  observed  temperature  of  11.9°C  occurred  on  January  15,  1976. 

However,  monthly  maxima  of  10.8°C  and  higher  have  also  been  observed  in  March, 
April,  June,  July  and  November.  The  average  monthly  maximum  temperature  is 
10.5*C  (2.4*C  above  the  annual  mean).  Some  of  this  large  variability  is 
probably  attributable  to  the  relatively  large  geographical  area  and  diverse 
sampling  instrumentation  that  have  been  combined  to  produce  an  estimate  of 
conditions  at  the  survey  site.  For  this  reason,  the  temperature  structure 
at  the  survey  site,  and  in  particular  the  extreme  values,  can  be  expected 
to  differ  from  these  statistics.  The  annual  maxima  are  estimated  to  be  of 
the  order  of  the  average  of  the  monthly  maxima.  The  predicted  annual  maxima 
based  on  this  assumption  are  given  in  Table  8 but  the  exact  date  and  time  of 
their  occurrence  is  indeterminate  from  the  existing  data.  The  best  available 
estimate  is  approximately  the  date  of  the  observed  maximum  temperature. 

Clearly,  this  oversimplifies  the  problem  as  the  data  suggests  that  maxima  of 
comparable  magnitude  may  occur  in  the  months  of  January,  March,  April,  June, 

July  and  November. 

Oceanographiic  atlases^ .10,13)  confirm  the  NODC  annual  means  to  within 
+0.2°C  for  depths  of  200,  300  and  400  meters  but  imply  that  these  temperatures 
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ry  of  NODC  Bathy thermographic  Data  For  the  Area  Between 
20-22°N  and  157-159°W  From  1944-1976 


Ob . Max . 
Predicted 
Annual  Max 
At  Site 


Maximum  monthly  water  temperature  for  the  area  between 
20-22°N  and  157-159°W  based  on  NODC  data,  1944-1976. 


are  constant  year  round,  offering  no  insight  to  explain  monthly  maxima  at 
420  meters  averaging  2.4°C  above  the  annual  mean.  The  following  discussion 
evaluates  the  effects  of  some  of  the  possible  sources  of  temperature 
variation  within  the  water  column. 

Diurnal  (daily)  variation  of  the  water  temperature  due  to  absorption  of 
incident  solar  energy  can  be  as  much  as  3°C  at  the  surface  in  August  and  may 
extend  as  deep  as  10  meters  but  decreases  rapidly  as  depth  increases^.4). 
Variation  should  not  be  detectable  as  deep  as  300  meters  considering  XBT  sensi- 
tivity. At  this  latitude,  seasonal  variation  in  the  amount  of  incident  solar 
radiation  is  small,  therefore  variation  among  monthly  mean  water  temperatures 
is  generally  less  than  3°C  at  the  surface  and  0.6°C  at  420  meters.  Internal 
waves  can  be  generated  at  the  boundary  between  fluids  of  different  density 
causing  periodic  vertical  displacement  of  the  isotherms.  The  strongest 
density  gradient  occurs  within  the  main  thermocline  but  internal  waves  can 
exist  throughout  the  water  column  where  vertically  stratified  conditions  pre- 
vail. Internal  waves  have  been  observed  with  periods  of  approximately  6,  8,  12 
and  24  hours  and  amplitudes  of  up  to  5 meters(l).  At  200  meters  (within  the 
thermocline)  this  would  contribute  an  additional  variation  of  the  order  of  +0.3°C 
about  the  mean.  At  420  meters  this  variation  would  be  reduced  to  +0.1°C.  Based 
on  a summation  of  the  above  mechanisms,  the  annual  maximum  would  be  expected  to 
be  less  than  1.0°C  above  the  annual  mean.  Other  factors  must  exert  strong 
influences  to  result  in  an  annual  maximum  of  2-3°C  above  the  mean.  Proximity 
of  even  the  deep  station  (420  meters)  to  the  thermocline  region  is  undoubtedly 
important.  Variation  in  its  vertical  extent  could  significantly  change  the 
water  temperature  at  a given  location.  Warm  or  cold  water  mass  advection  due 
to  local  current  anomalies  around  the  islands  and  in  coastal  areas  may  also  be 
an  important  contributing  factor.  The  XBT  surveys  should  provide  a valuable 
check  of  the  predicted  magnitude  of  the  annual  maximum  but  are  not  intended  as 
an  investigation  of  the  mechanisms  producing  these  maxima. 

3.2  Survey  Plan 

Based  on  examination  of  the  historical  data,  the  estimated  date  of  occur- 
rence of  the  maximum  annual  bottom  temperature  at  a depth  of  420  meters  is 
approximately  the  middle  of  January.  Three  XBT  temperature  surveys  were  con- 
ducted on  December  23,  1978  and  January  25  and  February  16,  1979,  approximately 
one  month  before,  on  the  day  of,  and  one  month  after  the  expected  maximum 
bottom  water  temperature.  Each  survey  consisted  of  a series  of  XBT  deploy- 
ments at  12  equally-spaced  stations  along  a 180#True  trackline  extending  from 
the  east  side  of  the  entrance  to  Pearl  Harbor  (21*19'11"N,  157*57 * 30"W)  to  a 
distance  of  four  nautical  miles  from  shore. 

The  survey  consisted  of  a single  XBT  deployment  at  each  of  the  12  stations 
and  replicate  observations  at  Station  12  (the  farthest  from  shore)  for  several 
hours.  The  purpose  of  these  repeated  observations  was  to  estimate  the  magni- 
tude of  the  temperature  variability  over  a short  period  of  time  (2-3  hours). 

In  conjunction  with  the  XBT  deployments,  surface  meteorological  observations 
were  recorded.  These  consisted  of  measurement  of  sea  surface  temperature  with 
a bucket  thermometer,  wet  and  dry  bulb  temperatures  with  a sling  psychrometer , 
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wind  speed  and  direction  with  a hand-held  anemometer,  sea  state,  percent  cloud 
cover  and  present  weather.  These  were  supplemented  with  weather  observations 
recorded  by  the  National  Weather  Service  at  Honolulu  International  Airport. 

Figure  12  indicates  the  positions  of  the  12  stations  and  the  charted 
bathymetry  from  which  the  bottom  profile  in  Figure  13  was  drawn.  The  depths 
as  determined  in  the  surveys  with  a fathometer  are  also  indicated  for  com- 
parison. The  Hawaii  Institute  of  Geophysics  bathymetric  chart  was  based  on 
NOAA-NOS  (National  Oceanic  and  Atmospheric  Administration-National  Ocean 
Survey)  data  and  contoured  every  5 meters(5).  For  the  most  part,  the  chart 
depth  exceeded  the  measured  depth  by  less  than  20  meters,  except  at  Station  3 
where  the  chart  depth  was  49  meters  greater  than  the  measured  depth  in  an 
area  with  a steeply  sloping  bottom.  Table  9 gives  the  position  and  estimated 
and  measured  depths  of  the  12  assigned  stations. 

3.3  Instrumentation 


Instrumentation  for  the  Pearl  Harbor  area  surveys  was  essentially  the 
same  as  the  Point  Mugu  area  surveys  (Chapter  2.3).  The  only  difference  was 
that  station  positioning  was  accomplished  by  taking  simultaneous  horizontal 
sextant  angles  between  three  known  landmarks.  The  angles  were  then  plotted 
on  NOAA-NOS  Chart  Number  19364  with  a three  arm  protractor  to  establish  the 
ship's  position.  This  system  was  selected  based  on  examination  of  clima- 
tological statistics  of  Honolulu,  Hawaii^'^).  Weather  severe  enough  to 
interfere  with  shipping  or  travel  and  reduction  of  surface  visibility  to  less 
than  five  miles  are  uncommon.  Small  errors  in  positioning  will  have  minimal 
effect  on  temperatures  at  Stations  5-12.  The  bottom  slope  is  relatively 
gentle  and  the  contours  approximately  parallel  the  coastline.  There  are  no 
significant  features,  such  as  deep  canyons  or  plateaus  in  the  vicinity  of  the 
trackl ine. 

3.4  Presentation  of  Data  and  Discussion  of  Results 


Copies  of  the  XBT  traces  of  the  three  Pearl  Harbor  surveys  are  given  in 
Figures  14,  15  and  16.  Each  is  identified  by  station  number,  date  and  time. 
Measured  sea  surface  temperature  is  also  included.  All  XBT's  were  within 
61  meters  of  the  assigned  stations  in  Figure  12.  In  some  of  the  original 
traces  the  depth  of  the  water  column  was  clearly  indicated  by  a horizontal 
trace  (increase  or  decrease  in  temperature  at  a constant  depth)  followed  by 
a nearly  vertical  trace  (little  change  in  temperature  as  depth  apparently 
increases).  However,  when  this  was  not  a dependable  method  of  depth  deter- 
mination, the  traces  were  truncated  at  the  measured  bottom  depth.  The  surface 
and  bottom  temperatures  and  the  depths  of  the  22.5,  20.0,  17.5,  15.0,  12.5, 
12.0,  11.5,  11.0,  10.5,  10.0,  9.5,  9.0,  8.5  and  8.0°C  isotherms  of  all  the 
XBT's  are  summarized  in  Table  10.  Shipboard  weather  observations  are  sum- 
marized in  Tables  11,  12  and  13  and  supplemented  with  observations  recorded 
by  the  National  Weather  Service  Station  at  Honolulu,  Hawaii. 

Figure  17  was  constructed  by  plotting  the  maximum  observed  depth  of 
each  Isotherm  at  each  station  and  joining  these  points.  The  maximum 


Figure  12. 

Location  of  XBT  deployments  for  Pearl  Harbor  surveys 
December  23,  1978,  January  25  and  February  16,  1979  and 
existing  bathymetry  based  on  Hawaii  Institute  of  Geophysics 


Seafloor  profile  along  XBT  survey  trackline  as  determined  from  Hawaii  Institut 
Geophysics  chart  and  fathometer-measured  depths. 


Pearl  Harbor  XBT  Survey  Station  Locations,  Depths 
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Figure  14  (continued) 
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es  of  January  25-26,  1979  survey  at  Pearl  Harbor,  Hawaii  and  observed  bucket  thermometer  sea 
temperatures. 
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of  February  16-17,  1979  survey  at  Pearl  Harbor,  Hawaii  and  observed  bucket  thermometer 
temperatures. 
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Figure  16  (continued) 
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Table  13 


^National  Weather  Service  Honolulu  Observations 


a 


recorded  bottom  temperatures  are  also  indicated.  At  Stations  3-12,  these 
maxima  were  recorded  during  the  February  16  survey  and  constitute  the  best 
available  estimates  of  the  maximum  sea  water  temperatures  as  a function  of 
depth  and  distance  offshore.  Although  the  annual  maximum  bottom  temperatures 
were  anticipated  in  January,  the  results  of  this  survey  and  historical  data 
suggest  that  maxima  of  comparable  magnitude  may  also  occur  a number  of 
times  throughout  the  year.  Based  on  the  available  data,  no  estimate  of  the 
duration  of  these  maximum  temperature  events  is  possible.  However,  at 
Station  12,  bottom  water  temperature  variations  between  8.9  and  9.5°C  in 
December,  7.8  and  9.0°C  in  January,  and  7.7  and  10.2°C  in  February,  were 
experienced  within  a 2-3  hour  period.  Variability  of  this  magnitude  (due 
to  environmental  changes  and  instrument  uncertainty)  can  be  expected  at 
Stations  5-12.  It  is  conceivable  that  dependence  on  a single  XBT  deployment 
at  each  station  (except  Station  12)  may  have  resulted  in  underestimation  of 
of  the  maximum  water  temperatures  by  1°C  or  more.  An  alternative  method 
of  displaying  the  XBT  data  is  to  construct  a composite  maximum  temperature 
versus  depth  profile  representative  of  all  the  stations  by  assembling  the 
greatest  measured  depth  of  each  isotherm  into  a single  curve  (Figure  17 
insert) . This  curve  estimates  maximum  annual  bottom  temperatures  for 
Stations  5-12  that  range  from  .4°C  lower  (at  Station  12)  to  1.1°C  higher  (at 
Station  6)  than  the  estimates  based  on  historical  data  in  Table  9. 

3.5  Conclusions 

To  summarize,  bottom  temperatures  as  low  as  7.2°C  are  not  obtainable 
within  four  nautical  miles  of  shore.  The  surveys  showed  that  the  observed 
maximum  bottom  temperature  at  Station  12  (420  meters)  of  10.2°C  occurred  in 
February.  This  was  2.1°C  above  the  expected  annual  mean  of  8.1°C  and  0.3°C 
below  the  predicted  annual  maximum  of  10.5°C  (Table  9).  At  this  depth,  the 
monthly  mean  temperatures  are  expected  to  vary  between  8.4°C  in  March  and 
7.8°C  in  June.  Maxima  of  approximately  2.0°C  above  the  annual  mean  bottom 
temperatures  are  also  anticipated  for  Stations  10  and  11.  At  Stations  5 
through  9,  the  observed  maxima  are  3°C  - 5°C  above  the  annual  means,  closely 
approximating  the  NODC  observed  maxima. 

There  is  minimal  advantage  in  extending  the  intake  to  distances  greater 
than  three  and  one  half  nautical  miles  from  shore.  The  difference  in  maxima 
between  Stations  10  and  12  is  on  the  order  of  0.5°C.  Proceeding  shoreward 
from  Station  10,  the  bottom  temperatures  increase  more  rapidly  and  small 
changes  in  pipeline  length  could  result  in  significant  increases  in  the  annual 
maximum  temperature. 

In  addition,  greater  variability  can  be  expected  when  these  stations 
fall  within  the  thermocllne  region.  An  optimization  study  that  considers  the 
balance  of  pipeline  costs  and  the  benefits  of  colder  water,  may  be  a useful 
means  of  determining  the  optimum  intake  depth. 
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